A recent epizootic of swine infertility and respiratory syndrome (SIRS) in a Minnesota swine herd was investigated. Examination of a sow, neonatal piglets, and stillborn fetuses obtained during the epizootic from the affected herd revealed interstitial pneumonitis, lymphomononuclear encephalitis, and lymphomononuclear myocarditis in the piglets and focal vasculitis in the brain of the sow. Fetuses did not have microscopic lesions. No cause for the infertility and respiratory syndrome was determined. Therefore, attempts were made to experimentally reproduce the disease. Eleven 3-day-old gnotobiotic piglets exposed intranasally to tissue homogenates of piglets from the epizootic became inappetent and febrile by 2-4 days postexposure and had interstitial pneumonitis and encephalitis similar to that seen in the field outbreak. After 2 blind passages in gnotobiotic piglets, tissue homogenates were cultured on continuous cell line CL2621, and a cytopathic virus (ATCC VR-2332), provisionally named SIRS virus, was isolated. Gnotobiotic piglets exposed intranasally to the SIRS virus developed clinical signs and microscopic lesions that were the same as those in piglets exposed to the tissue homogenates, and the virus was reisolated from their lungs. This is the first isolate of SIRS virus in the United States that fulfills Koch's postulates in producing the respiratory form of the disease in gnotobiotic piglets and the first report of isolation and propagation of the virus on a continuous cell line (CL2621). The virus is designated as American Type Culture Collection VR-2332.
United States and Europe are referred to by many names, including mystery swine disease, 18 porcine epidemic abortion and respiratory syndrome (PEARS), 13, 16 Seuchenhafter Spatabort der Schweine, 9 blue ear disease, 19 porcine reproductive and respiratory syndrome (PRRS), 7 and swine infertility and respiratory syndrome (SIRS). 4, 5 The terms PRRS and SIRS are used in this article to refer to the syndromes in Europe and the United States, respectively. PRRS in Europe and SIRS in the United States are probably caused by the same virus; however, comparison of the isolates has not been done.
The virus incriminated as the cause of PRRS in Europe has been isolated in The Netherlands, Germany, Spain, Belgium, and the United Kingdom. 7, 18 The Netherlands PRRS virus was isolated in porcine alveolar macrophages from tissues of 2-1 O-day-old piglets and from blood samples of sows affected by PRRS. The reproductive and respiratory forms of the syndrome have been reproduced by the intranasal exposure of sow 16 and specific-pathogen-free pigs 13 to the incriminated virus isolated from natural PRRS cases.
In the United States, the syndrome was experimen-tally reproduced for the first time in gnotobiotic piglets, using lung homogenates of clinically affected piglets from a Minnesota swine herd experiencing an outbreak of SIRS (Collins JE, et al.: 1990 , Abstr Conf Res Workers Anim Dis #2). The 3-day-old gnotobiotic pigs exposed intranasally to both unfiltered or filtered (0.1 µm) lung homogenates developed interstitial pneumonitis similar to that seen in field cases of SIRS, thereby providing the first evidence that the causal agent was transmissible. The same homogenate also caused reproductive failure in 6 sows inoculated intranasally at 93 days of gestation. 2, 3, 5 Approximately 50% of the piglets delivered by the 6 sows were stillborn or partially mummified, whereas litters of 2 control sows were normal. The use of tissue homogenates to transmit SIRS virus to gnotobiotic piglets, isolation and propagation of SIRS virus (ATCC VR-2332) in a continuous cell line, reproduction of SIRS respiratory lesions in gnotobiotic piglets exposed to SIRS virus grown in cell culture, and reisolation of SIRS virus from inoculated animals are described in this report.
Materials and methods Farm and epizootic. A 160-SOW farrow-to-finish herd in central Minnesota had an outbreak of disease with epidemiologic features 8,10 similar to those of SIRS. Housing consisted of a converted dairy barn as the far-rowing facility and a totally enclosed gestating unit with a dirt floor and straw bedding. Approximately 1 wk after the onset of anorexia in the gestating sow herd, 6 sows and 1 boar developed clinical signs of respiratory, neurologic, and reproductive disease characterized by weakness, disorientation, polypnea, weight loss and agalactia in the sows. Body temperatures were not elevated. A high percentage of sows (farm records not available) that farrowed during the subsequent 6 wk had increased numbers of stillborn or weak piglets and mummified fetuses. Nursing piglets had fevers of up to 40.5 C and prominent respiratory signs, including polypnea and marked hyperpnea. The growth rate was often reduced in piglets that survived the respiratory illness. One live sow, 14 live piglets (2-28 days of age), and 8 stillborn piglets were submitted to the Minnesota Veterinary Diagnostic Laboratory for examination.
Gnotobiotic pigs. Gnotobiotic piglets obtained by closed hysterotomy were maintained in stainless steel tubs covered by flexible film isolators as previously described. 6, 11 The isolators were maintained at an ambient temperature of 30 C, and pigs were fed recommended amounts of commercial milk substitute a 3 times a day. Fecal swabs were collected prior to experimental inoculation and at necropsy and were inoculated onto sheep blood agar, tergitol-seven agar, and brilliant green agar in aerobic and anaerobic atmospheres. Feces collected at necropsy were also examined for viruses by negative contrast electron microscopy. 15 Source of inoculum. Two live and 2 dead 7-l O-day-old piglets obtained during the epizootic from the affected herd were necropsied, and specimens were collected for diagnostic examinations. The live piglets were euthanized by intravenous injection of euthanasia solution. b A 10% homogenate (MN89-35477) of brain, lung, and tonsil pooled from each pig was prepared using Hank's balanced salt solution (HBSS) containing 100 IU penicillin, 100 µg/ml streptomycin, and 5 µg/ml amphotericin B.
Experimental transmission. A series of 14 gnotobiotic
piglets was challenged at 3 days of age with pooled tissue homogenates. Each piglet was challenged intranasally by use of a rubber bulb attached to a glass Nebulizer c placed in front of the nares of the pig. Initially, 2 gnotobiotic piglets were each inoculated with 0.5 ml of the unfiltered inoculum (MN89-35477), monitored for clinical signs of disease, and euthanized by electrocution 7 days postexposure (PE). A 10% homogenate (designated MNSD-1) of lung tissues pooled from the challenged gnotobiotic piglets was blind passaged by exposing each of 3 gnotobiotic piglets to 0.5 ml of homogenate; 1 piglet received 0.5 ml of unfiltered homogenate, another received a 0.45-µm filtrate, d and another received a 0.22-µm filtrate. The piglets were euthanized by 8 days PE, and tissues were collected for histologic examination, for further passaging in gnotobiotic piglets, and for virus isolation. A 25% suspension of lung (MNSD90x76-L) and a composite of brain, spleen, liver, and kidney (MNSD90x76-P) of the piglet inoculated with the 0.45-µm filtrate of MNSD-1 was prepared using phosphate-buffered saline containing 0.5 mg/ml each of kanamycin, streptomycin, and vancomycin. Six gnotobiotic piglets were inoculated with lung homogenate MNSD90x76-L; four piglets received a 0.45-µm filtrate, and 2 were given a 0.1-µm filtrate. Three uninfected control gnotobiotic piglets were inoculated, 1 piglet with a 0.45-µm filtrate of uninfected gnotobiotic piglet tissue homogenate in HBSS and 2 piglets with HBSS alone.
Virus isolation. Tissue homogenates (MNSD90x76-L and
MNSD90x76-P) were centrifuged at 1,500 x g at 4 C for 20 min. The supernatant was diluted 1:1 with minimum essential medium (MEM) containing 10 µg/ml gentamicin, mixed thoroughly using a Vortex mixer, e and recentrifuged at 4,500 x g at 4 C for 30 min. The supernatant was collected and filtered through a 0.45-µm filter. The filtrates from lung and tissue pool homogenates were combined and inoculated onto a proprietary continuous cell line CL2621 f and onto other continuous and primary cell lines as reported elsewhere. 2 Virus isolation was done in 75-cm 2 flasks with 20-40% confluent monolayers of CL2621 cells containing 50 ml of MEM (pH 7.5) with 10% fetal bovine serum (FBS). Cell cultures were maintained at 34 C for 7 days. If no cytopathic effect (CPE) was observed within 7 days, cultures were frozen, thawed and inoculated on CL2621 cells.
Virus titration. Virus titration was done in 96-well flat-
bottom microtiter plates. Serial 10-fold dilutions of virus were prepared in MEM with 2% FBS. After 3 days, the cell growth medium was drained from the microtiter plates, 200 µ1 of the virus dilution was placed into each of 5 wells, and the plates were incubated at 37 C in an atmosphere of 5% CO,. After 3 days, media in wells with no CPE were replaced with MEM supplemented with 2% FBS (pH 7.5), and a final reading was made on the fifth day of incubation. Titers were calculated by the method of Reed and Muench. 14 tobiotic piglets. Four 3-day-old gnotobiotic piglets from 1 litter were intranasally inoculated by aerosol with 1 ml of cell culture supernatant containing 10 5 TCID 50 of the third cell culture passage of SIRS virus (ATCC VR-2332). Two control gnotobiotic piglets were inoculated in the same manner using cell culture lysate of uninfected cells. Piglets were examined daily for clinical signs, and were euthanized by electrocution 7 days PE. Lung, liver, brain, heart, and tonsil were collected for virus isolation.
Transmission of cell culture-propagated SIRS virus to gno-
Microscopic examinations. Brain, lung, and heart of all piglets and nasal turbinate of 3 piglets were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned at 4 µm, and stained with hematoxylin and eosin (HE). 17 Histologic changes in tissues were evaluated by light microscopy.
Results
Pathologic examination and other laboratory assays of specimens from herd outbreak. Grossly, 5 of 14 piglets had watery intestinal contents in the spiral colon and 3 of 14 had small abscesses in the retropharyngeal soft tissue. Lungs did not have gross lesions. Microscopic examination of tissues from nursing and weak piglets revealed subacute mononuclear encephalitis and perivasculitis in 12 of 14 piglets ( Fig. 1 ). Perivascular cuffs were comprised of macrophages, lymphocytes, plasmacytes, and rare eosinophils surrounding small blood vessels. Inflammation was seen in the white matter of the cerebrum and midbrain but was most severe in the medulla.
Interstitial pneumonitis in 13 of 14 piglets was characterized by alveolar septa thickened by macrophages and a few lymphocytes (Fig. 2) . Alveolar spaces some-times contained multifocal aggregates of proteinaceous debris and degenerating cells with hypereosinophilic cytoplasm and pyknotic nuclei. There were perivascular and interstitial accumulations of lymphocytes, macrophages, and plasmacytes in the heart of 1 of 5 pigs ( Fig. 3 ) and in the kidney and stomach of 1 of 2 pigs.
Gross lesions were absent in the sow. The brain of the sow had 1 small perivascular cuff of lymphomononuclear cells in the medulla. Stillborn fetuses did not have gross or microscopic lesions.
Lungs of the piglets and lung, liver, and intestine of the sow were cultured aerobically on sheep blood, MacConkey, brilliant green, and Columbia colistinnaladixic acid agars and in tetrathionate broth. A pure growth of beta-hemolytic Escherichia coli was isolated from 3 of 9 piglet lungs. Aerobic culture of fetal stomach content on sheep blood and brilliant green agars yielded a sparse growth of coagulase-negative Staphylococcus sp. Pathogenic bacteria were not isolated from the sow. Immunofluorescent testing for Leptospira, parvovirus, and pseudorabies virus was negative. Rotavirus was identified by electron microscopic examination of pooled feces of the piglets. Composites of brain, lung, and tonsil from 1 sow and 6 piglets were inoculated onto swine testicle, PK-15, and primary porcine peripheral blood monocyte cell lines and embryonating hen eggs. No viruses were isolated. Antibodies to pseudorabies virus were not detected in serum of the sow or 3 of 3 piglets. The herd was seronegative for antibodies to pseudorabies virus during and after the SIRS outbreak. 
Experimental reproduction of disease. Piglets in-
oculated with tissue homogenates MN89-35477, MNSD-1, or MNSD90x76-L became inappetent 3-5 days PE and were not as active as controls. Inappetence persisted until necropsy at 7-8 days PE, at which time piglets were thin and had rough hair coats. Body temperatures of 2 of 2 piglets given MN89-35477 and 3 of 3 piglets given MNSD-1 were elevated (39.4-39.6 C) on days 2-3 PE and returned to preexposure temperatures of 38.4-38.7 C by day 4 PE. Piglets often huddled in the comer of the isolator and were observed to shake continuously. On days 3-7 PE, each piglet vigorously rubbed its snout on the walls of the isolator and had soft pasty to watery feces. Clinical signs of respiratory disease were not seen.
At necropsy, piglets were thin and had roughened hair coats. Lungs and other organs did not have gross lesions. Feces in the spiral colon were more fluid than were feces of control piglets. Microscopically, lesions were seen in the lungs of 11 of 11, brain of 2 of 11, but alveolar spaces and airway lumens were most often devoid of stainable material. In some sections, a few pneumocytes were mildly swollen and finely vacuolated. Lesions usually were absent in bronchi and bronchioles, but terminal bronchioles and respiratory ducts were sometimes lined by hypertrophied epithelial cells.
Brain of 2 of 11 piglets had multifocal vasculitis and perivasculitis characterized by macrophages, lymphocytes, plasmacytes, and few eosinophils within and surrounding small blood vessels (Fig. 6 ). Karyorrhectic nuclear debris were often admixed with inflammatory cells. The most severe lesions were in the brain stem, but midbrain and white matter of the cerebrum also had lesions.
Nasal turbinate epithelium of 3 of 3 piglets inoculated with homogenate D89-35477 had squamous metaplasia, loss of cilia, and small cystic spaces within the epithelium (Fig. 7) . Neutrophils were seen within the epithelium, and the submucosa contained moderate numbers of lymphocytes, macrophages, and plas- macytes. Piglets inoculated with HBSS or uninfected tissue homogenate did not have lesions.
Bacteria were not detected in any of the piglets at 3 days of age, but Bacillus sp. was detected at necropsy in the feces of 3 piglets. Viruses were not seen by electron microscopic examination of feces collected at necropsy.
The aforementioned experiments were initiated before the SIRS virus was isolated. The titer of SIRS virus in tissue homogenate MNSD90x76-L kept at -70 C was later determined to be 10 3.5 TCID 50 /ml.
Virus isolation. A cytopathic virus was isolated from
combined homogenates MNSD90x76-L and MNSD90x76-P after 7 days of incubation. A degenerative CPE in cell line CL2621 was evident first at the periphery of infected monolayers and later throughout the monolayer. Multifocal small clumps of swollen cells progressed to small holes in the cell monolayer, especially near the edge. Culture fluids were collected from the infected cells and passaged 2 times on monolayers of CL2621 cells with 20-40% and 100% confluence, respectively. The CPE became more extensive after each passage. The virus replicated to high titer ( 10 6 TCID 50 /ml) and passed through a 0.1 -µm filter without loss of titer. Characteristics of this SIRS virus (isolate ATCC VR-2332) are reported elsewhere. 1 Transmission of SIRS virus (ATCC VR-2332) to gnotobiotic piglets. Piglets inoculated with 10 5 TCID 50 / ml of the third cell culture passage of ATCC VR-2332 virus developed clinical signs, including inappetence, lethargy, diarrhea, and roughened hair coats, at 4 days PE. At necropsy 7 days PE, each of 4 pigs had microscopic pulmonary lesions identical to those seen in piglets inoculated with tissue homogenates, i.e., alveolar septa were markedly thickened by macrophages, and deposits of necrotic cells and debris were seen in alveolar spaces (Fig. 8a) . Two control piglets did not have microscopic lesions (Fig. 8b) . Viruses were not seen by electron microscopic examination of feces collected at necropsy from each piglet. SIRS virus isolate ATCC VR-2332 was reisolated from the lung of 4 of 4 principals but not from that of controls.
Discussion
This report documents the isolation of a cytopathic virus from piglets in a Minnesota swine herd affected by SIRS. Gnotobiotic piglets exposed to the agent, provisionally named SIRS virus, consistently showed clinical signs and pulmonary lesions that were the same as those seen in piglets from field outbreaks of the disease. The SIRS virus was isolated from the lungs of each gnotobiotic piglet challenged with cell culture virus. The same virus isolate causes reproductive failure in 93-day pregnant sows exposed intranasally to either the tissue homogenate 3 or to the SIRS virus (ATCC VR-2332). 2, 5 Inoculated sows developed transient fever, farrowed up to 7 days prematurely, and delivered an average of 5.8 live and 6.0 dead piglets per litter. Isolate ATCC VR-2332, the first isolate of SIRS virus in the United States, 5 has produced both the respiratory and reproductive signs of SIRS in experimentally infected swine.
The initial reproduction of SIRS in piglets and sows was done before the virus could be isolated in cell culture. However, retrospective analysis of tissue homogenate MNSD90x76-L substantiated the presence of SIRS virus. Virus isolation from other tissue homogenates used in the present study is underway. Isolate ATCC VR-2332 is stable at -70 C, 1 so storage of homogenates probably did not appreciably alter the virus titer. Thus, gnotobiotic piglets and pregnant sows can be infected intranasally by SIRS virus isolate ATCC VR-2332 at concentrations as low as 10 3.5 TCID 50 /ml, as reported previously. 2, 3 Clinical signs seen in gnotobiotic piglets mimicked signs reported in sows and piglets during SIRS outbreaks. 8, 10 The incubation period (2-4 days PE) in gnotobiotic piglets is short, and the febrile response is transient. Sows inoculated with SIRS virus 2,3 or PRRS virus 16 also show mild transient elevations of body temperatures. Conspicuous respiratory signs were not seen in gnotobiotic piglets, probably because of the gnotobiotic environment. Secondary infection by bacterial pathogens is common among piglets from SIRS herds 8, 10 and may be responsible for the pronounced respiratory signs seen in the field. Diarrhea has not been considered an important clinical sign of SIRS in the naturally occurring disease, but diarrhea was a consistent sign in experimentally infected gnotobiotic piglets.
SIRS should be suspected when piglets have fever, hyperpnea, and inappetence, especially in herds that have experienced outbreaks of unexplained reproductive failure. Microscopic examination of lung of piglets provides important information about the potential presence of the SIRS virus in a herd 4 because there often are lesions of interstitial pneumonitis. Microscopic lesions in nasal turbinate and lung have also been seen following infection of specific-pathogen-free pigs by PRRS virus. 13 The development of tests and reagents for the rapid identification of viral antigen in tissues of infected pigs would greatly enhance diagnostic investigations of this disease. The high cost and prolonged time required for virus isolation limit its usefulness for routine diagnosis of SIRS. Virus neutralization and immunofluorescent assays have been used to detect antibodies to the other isolates of SIRS virus 20 and to isolate ATCC VR-2332 (James Pearson, National Veterinary Services Laboratories, Ames, IA, personal communication). Serologic tests will be useful for studying SIRS epidemiology once tests have been validated. A recent seroepidemiologic investigation indicated a high prevalence of antibodies and seroconversion to SIRS virus (ATCC VR-2332) in herds that have experienced SIRS outbreaks. 5, 12 Gnotobiotic technology was chosen for this study because infectious inoculum relatively free of contaminating microorganisms could be used to transmit the disease, and microscopic lesions could be studied in an environment relatively free of contaminating microorganisms. Nonetheless, a more economical and widely available animal model is needed to study the pathogenesis of SIRS. Conventionally reared 10-and 28-day-old piglets are susceptible to the SIRS virus when exposed intranasally (Christianson and Mc-Cullough, unpublished data), so experiments can be expanded to include conventionally reared piglets.
The successful cultivation of the SIRS virus will greatly enhance our ability to study this important emerging disease that continues to adversely affect the productivity of the US swine industry. The characteristics of this prototype US SIRS virus have been described,' and the virus is designated as American Type Culture Collection VR-2332.
